The glnA gene in the domains Bacteria and Archaea encodes glutamine synthetase, a universally distributed enzyme that functions in ammonia assimilation and glutamine synthesis. We investigated the regulation and function of glnA in the methanogenic archaeon Methanococcus maripaludis. The deduced amino acid sequence of the gene demonstrated its membership in class GSI-␣ of glutamine synthetases. The gene appeared to be expressed as a monocistronic operon. glnA mRNA levels and specific activities of glutamine synthetase were regulated similarly by nitrogen. Three transcription start sites were identified, corresponding to two overlapping nitrogen-regulated promoters and one weaker constitutive promoter. An inverted repeat immediately upstream of the regulated transcription start sites mediated repression under noninducing conditions. Thus, mutations that altered the sequence of the inverted repeat resulted in derepression. The inverted repeat had sequence similarity with a repeat that we previously identified as the nif operator of M. maripaludis, suggesting a common mechanism of nitrogen regulation. Efforts to produce a glnA null mutant failed, suggesting that glnA is an essential gene in M. maripaludis.
Glutamine synthetase (GS), a universally distributed enzyme that functions in ammonia assimilation and glutamine (Gln) synthesis, is known to exist in three distantly related forms (17) . GSI, encoded by the glnA gene, is represented by the wellstudied enzyme of enteric bacteria and is distributed throughout the domains Bacteria and Archaea. Phylogenetic analysis (7) has revealed two main subdivisions. GSI-␣ is found in the low GϩC gram-positive bacteria, the genus Thermotoga, and the Euryarchaeota (including methanogens and extreme halophiles). GSI-␤ is found in all remaining Bacteria. GSI is composed of 12 identical subunits (25) . GSII occurs mainly in Eucarya but is also found in rhizobia and certain actinomycetes and is composed of eight identical subunits. GSIII, encoded by glnN, is present in a few bacterial species, including certain cyanobacteria (26) and rhizobia, and is composed of six identical subunits (12) . A few bacteria, such as Rhizobium meliloti, have all three forms of GS (10) .
All three GS forms can be regulated by the nitrogen status of the cell, in keeping with their function in ammonia assimilation. At the transcriptional level, glnA in enteric bacteria is regulated by the nitrogen-sensing regulatory cascade (25) . Expression from a second promoter allows for a low level of expression in nitrogen excess (20) . In a species of the cyanobacterium Synechocystis, glnA is regulated moderately and glnN markedly by nitrogen (26) . At the enzyme modification level, GSI enzymes in the ␤ subdivision are reversibly inhibited by adenylylation at a conserved Tyr residue, a mechanism also involving the nitrogen-sensing regulatory cascade (7, 25) . GSIII in R. meliloti has been shown to be inhibited by ADPribosylation (19) .
GS appears to function universally in ammonia assimilation, producing Gln from glutamate (Glu) and ammonia. Gln is then used by glutamate synthase to produce two moles of Glu, a central amino donor for biosynthesis. However, other pathways for ammonia assimilation exist. In enteric bacteria under conditions of high ammonia concentration, glutamate dehydrogenase produces Glu from 2-ketoglutarate and ammonia (25) . It has also been suggested that alanine dehydrogenase can function in ammonia assimilation in certain Bacteria and Archaea, including several methanogenic species (3, 15) . A second function of GS is in Gln production for protein synthesis. However, an alternative pathway occurs in some organisms: conversion of glutamyl-tRNA to glutaminyl tRNA. Indeed, some organisms, including Methanococcus jannaschii, appear to lack glutaminyl tRNA synthetase (8) .
In the methanogenic Archaea, ammonia is a universal source of nitrogen. Some species can use certain organic nitrogen compounds as well, and some can fix dinitrogen (11) . Methanococcus maripaludis grows well with ammonia or alanine (Ala), and can also grow diazotrophically (5, 16, 33) . For ammonia assimilation, GS is used in methanogens, where it is known only in the form GSI-␣. GSI from Methanobacterium ivanovii was dodecameric and was not regulated by adenylylation (4), which is now known to be the case with all GSI-␣ enzymes (7) . The glnA gene was cloned from Methanococcus voltae and sequenced (23) . A comparison of deduced amino acid sequences confirmed that the protein belonged to the GSI-␣ group and lacked a 29-amino-acid stretch corresponding to a protease-sensitive loop present in GSI-␤ enzymes (1) . Northern analysis indicated that the M. voltae gene was transcribed as a monocistronic operon, and a putative promoter sequence was identified (23) . An inverted repeat lay immediately 5Ј to the putative TATA box. Interestingly, this inverted repeat is similar to one in the nifH promoter region of M. maripaludis that we have shown mediates regulation by repressor binding (9) . In M. voltae, GS activity was partially repressed at high ammonia concentrations (23) .
In this paper, we present an analysis of glnA expression and function in M. maripaludis. We identify multiple transcription start sites, and we document regulated expression mediated by an inverted repeat sequence that is similar to the one observed in the glnA promoter region of M. voltae and to the one shown to regulate nifH expression in M. maripaludis. In addition, we attempt to determine the function of glnA in the cell by directed mutagenesis. (16) and its derivatives were maintained on McC medium (34) using anaerobic techniques described previously (2) . Puromycin (2.5 g/ml) was added as needed. Growth of cultures for primer extension, Northern analyses, and GS assays was in nitrogen-free medium (5) , and the gas atmosphere was 20% N 2 , 20% CO 2 , and 60% H 2 at a total pressure of three atmospheres. The medium was supplemented as needed with ammonia (10 mM) and/or Gln (10 mM). Cultures were shaken at 37°C. Gln stock solution was adjusted to neutral pH and filter sterilized before storage.
MATERIALS AND METHODS

Growth of cultures. M. maripaludis LL
Cloning and sequencing glnA. DNA fragments of M. maripaludis glnA were obtained by PCR using the forward primer 5Ј-TTT/C GAC/T GGT/A TCT/A TCA/T AT-3Ј or 5Ј-GCT/A ACA/T TTC/T ATG CCT/A AAA CC-3Ј and the reverse primer 5Ј-CCT/A GGA/T ACT AAT CTT TTG/A TAT/A GAG/A TT-3Ј. PCR was performed with 200 ng of M. maripaludis genomic DNA (prepared as described previously [9] ) and 200 ng of each primer using cloned Pfu polymerase (Stratagene). Amplification was performed for 30 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 30 sec. A 0.74-kb PCR product was cloned into pGEM7 (Promega). DNA sequencing confirmed that it was part of glnA. The 0.74-kb fragment was used to screen a library of M. maripaludis DNA as described previously (5) . Positive plaques were suspended in suspension medium (SM) (27) and were used to infect Escherichia coli LE392 (27) . Phage DNA was extracted by using the Wizard Lambda Preps DNA Purification System (Promega). The DNA was digested with HindIII, and a 4.7-kb fragment was isolated from an agarose gel by using the Prep-A-Gene DNA Purification Kit (Bio-Rad) and cloned into pGEM7 to yield pGlnA2. The glnA gene was sequenced on both strands using walking primers. Sequencing was performed with the ABI Prism dRhodamine Terminator Cycle Sequencing Reaction Kit (PE Applied Biosystems) and analyzed at the DNA Sequencing Facility of the Department of Biochemistry at the University of Washington. Sequence comparisons were done using the pileup and gap functions of the Genetics Computer Group software.
Primer extension analysis. Cells were grown on nitrogen-free medium plus ammonia to an optical density at 660 nm (OD 660 ) of approximately 0.3, centrifuged anaerobically in growth tubes at 750 ϫ g for 10 min, resuspended in nitrogen-free medium with the appropriate nitrogen source, and incubated overnight. Cells grown on N 2 were harvested at an OD 660 of 0.3 to 0.6, and cells on NH 4 ϩ or NH 4 ϩ plus Gln at an OD 660 of 0.5 to 0.8. Cells were harvested by centrifuging aerobically at 4°C and processed as previously described (16) to obtain RNA. Primer extension analysis was performed as previously described (9) using the primer TCTTCCTCACCAGCAGCACC.
GS activity assay. Cells were grown to an OD 660 between 0.3 and 0.5, pelleted at 4°C, and resuspended in cold buffer containing 10 mM imidazole ⅐ HCl (pH 7.2), 0.3 mM MnCl 2 , and 1 mM 2-mercaptoethanol. Cells were disrupted by sonication, and debris was removed by centrifugation. GS assays were performed by a modified ␥-glutamyltransferase assay (29) at pH 7.2 with a Mn 2ϩ concentration of 0.3 mM. Mg 2ϩ was reported to inhibit the activity of the adenylylated E. coli enzyme in the transferase assay (29) . However, in preliminary experiments, Mg 2ϩ between 5 mM and 60 mM inhibited the activity equally in M. maripaludis extracts from cells grown with either N 2 or NH 4 ϩ , so Mg 2ϩ was subsequently omitted. Protein in cell extracts was measured by the Coomassie blue method (28) using bovine serum albumin as standard. Assays were performed with triplicate cultures for each condition, and standard errors of the means were calculated.
Construction of M. maripaludis mutants. The plasmid pGlnA2 (described above) contains the glnA gene near the right end (5Ј to 3Ј orientation) of a 4.7-kb HindIII fragment of the M. maripaludis genome (Fig. 1) . The 4.7-kb HindIII fragment was recloned into a pGEM derivative from which the EcoRI site had been removed (9) . Then an internal portion of glnA was deleted by removing a 615-bp EcoRI fragment (nucleotides 576 to 1190 in the GenBank entry) to produce pCM1. Two mutations were made in pCM1, one changing the GGAA in the first half of the inverted repeat ( Fig. 2) to CCTT (pCM2), and the other changing in addition the TTCC in the second half of the repeat to AAGG (pCM3). For this purpose, we used the Statagene QuikChange Site-Directed Mutagenesis kit with the primers CCGCAAAATATATATATTGAAAAAGCC CTTAGCTATTTCCTATATAGTAATGATTTCGGA and GCCTCCGAAAT CATTACTATATAGGAAATAGCTAAGGGCTTTTTCAATATATATATT TTG for the first mutation and CGTACCGCAAAATATATATATTGAAAAA GCCCTTAGCTATAAGGTATATAGTAATGATTT and CATGCCTCCGAA ATCATTACTATATACCTTATAGCTAAGGGCTTTTTCAATATATAT ATT for the second mutation. PCR was performed with an initial incubation at 95°C for 30 sec followed by 18 cycles of 95°C for 30 sec, 40°C for 1 min, and 68°C for 18 min. The mutations were confirmed by sequencing. The resulting 4.2-kb HindIII fragments (from pCM1, pCM2, and pCM3) were cloned into pJK3 (22) , which contains a puromycin resistance marker for selection in methanogenic Archaea, to produce the plasmids pCM11, pCM12, and pCM13. All three constructs contained the insert in the same orientation, with transcription of glnA in the same direction as the transcription of the puromycin resistance gene. The three plasmids were transformed into M. maripaludis as previously described (32) to create mutants 1, 2, and 3 (strains Mm311, Mm312, and Mm313) respectively. Southern analysis confirmed that in all cases a single recombination event had occurred to the 5Ј side of the deletion mutation.
To confirm that the three M. maripaludis transformants contained the desired mutations, the 5Ј portions of glnA including the promoter regions were amplified from genomic DNA prepared as previously described (5). PCR was performed using the forward primer GATACATTTACGTACCGG (upstream of the promoter region) and the reverse primer GCTGCAAGCATTACTGTG (downstream of the deletion site). PCR was performed with cloned Pfu polymerase (Statagene) by using an initial incubation at 94°C for 45 sec followed by 25 cycles of 94°C for 45 sec, 50°C for 45 sec, and 72°C for 3 min, and a final incubation at 72°C for 10 min. Two hundred nanograms of template DNA and of each primer was used. For each mutant, PCR products of the two expected sizes, corresponding to the full length and shortened (by deletion) glnA fragments, were obtained. Sequencing of the PCR products confirmed that the mutants contained the expected mutations in the inverted repeats preceding the shortened glnA genes.
An insertion mutation in the glnA coding region was constructed as follows. The 4.7-kb HindIII fragment was recloned into a pGEM7 derivative in which the EcoRI site had been eliminated (9) . The 0.6-kb EcoRI fragment internal to glnA was replaced with a puromycin resistance cassette ( Fig. 1) (13) . This construct was linearized with HindIII and introduced into M. maripaludis by transformation, and transformants were plated on McC agar containing puromycin and Gln (10 mM).
Northern analysis. Freshly grown cultures in McC were used to inoculate N-free medium with and without added NH 4 ϩ . After overnight growth at an OD 600 between 0.1 and 0.35, cells were harvested anaerobically at 4°C by spinning at 750 ϫ g for 10 min in the growth tubes. RNA was obtained using the RNeasy kit (Qiagen) following manufacturer's directions, except that cells were suspended in 1ϫ SSC (0.15 M NaCl plus 0.015 M sodium citrate). Northern analysis was performed essentially as described (16) . The probe, a SnaBI-EcoRI fragment corresponding to the 5Ј portion of glnA, was labeled using the Random Primed DNA Labeling Kit (Boehringer Mannheim). Band intensities were determined by exposure on a phosphorimager and integration.
Southern analysis and colony hybridization. Genomic DNA was obtained as described previously (5), and 2.5 g of the DNA was digested and run on a gel. DNA was transferred to a Zeta-Probe Blotting Membrane (Bio-Rad) and probed following the manufacturer's instructions. Colony hybridization was done using Colony/Plaque Screen Hybridization Transfer Membrane (Du Pont/NEN) according to the manufacturer's directions. Probes were labeled with the Random Primed DNA Labeling Kit (Boehringer Mannheim).
Nucleotide sequence accession number. The nucleotide sequence of the M. maripaludis glnA gene, with promoter and terminator regions, is available at GenBank under accession no. AF062391.
RESULTS
Cloning and sequencing of glnA. In order to clone glnA from M. maripaludis, we designed degenerate primers (two forward and one reverse) based on conserved coding regions from a variety of Bacteria and M. voltae (23) . PCR reactions yielded DNA with the two expected sizes, 0.74 and 0.22 kb. Probing a Southern blot of M. maripaludis genomic DNA with the 0.74-kb fragment indicated that a single copy of glnA was present (not shown). The 0.74-kb fragment was used to identify a 15-kb clone from a genomic library of M. maripaludis that contained glnA. The gene was located on a 4.7-kb HindIII fragment (Fig. 1) , which was cloned.
The sequence of the glnA gene revealed an open reading frame (ORF) of 446 amino acids. The amino acid sequence aligned most closely with other glnA genes of the GSI-␣ group and lacked the 28-amino-acid sequence corresponding to a protease sensitive loop present in GSI-␤ enzymes (references 1 and 23 and data not shown). Amino acid sequence identities shared with glnA of other organisms were 77% with M. voltae, 54% with Bacillus subtilis, and 40% with E. coli.
The glnA gene was preceded by a putative ribosome binding site and overlapping putative promoters (Fig. 2) . The ribosome binding site resembled others in Methanococcus (6). It was located only one nucleotide upstream from the first in-frame ATG codon and seven nucleotides from the second, suggesting that the latter ATG, which aligns with the first codon of M. voltae glnA, is the translational start site. The overlapping promoters resembled closely the consensus for methanogenic Archaea, TTTA(T/A)ATA (24) . Between the ribosome binding site and the promoter, an inverted repeat was found (Fig. 2) . The glnA ORF was followed by two oligo(dT) sequences that may signal termination (24) .
Transcription and regulation of glnA. We studied the initiation of glnA transcription and its regulation by primer extension analysis. Cells were grown with N 2 only, or supplemented with Gln or NH 4 ϩ plus Gln. Primer extension analysis indicated three different 5Ј ends for glnA mRNA (Fig. 3) . The nucleotide positions corresponding to the two more downstream 5Ј ends each occurred 28 bp from the centers of the overlapping promoter sequences identified above (Fig. 2) . This spacing follows precedent for promoters of methanogens (24) . The most upstream end was also positioned 28 bp from a putative promoter sequence, albeit with weaker similarity to the consensus (Fig. 2) . The most likely explanation for these results is that transcription initiates at three separate locations, each corresponding to a separate TATA box promoter.
We expected that cells grown on N 2 would be nitrogen limited and would therefore express higher levels of glnA in order to maximize the assimilation of ammonia. In contrast, cells grown with NH 4 ϩ should express lower levels of glnA. With N 2 , the transcripts originating from the two overlapping downstream sites were stronger than the transcript from the upstream site (Fig. 3) . The same pattern was observed with cells grown with Gln, consistent with the apparent lack of ability of Gln to serve as a nitrogen source (see below). In contrast, when cells were grown with NH 4 ϩ , transcription from the downstream sites was markedly decreased relative to the upstream site. These results suggest that transcription from the overlapping downstream promoters is regulated by nitrogen, while the upstream promoter may be constitutive. The regulation of glnA mRNA levels by nitrogen was reflected in GS activity levels. Thus, GS activity in N 2 -grown cells was 203 Ϯ 67 nmol min Ϫ1 mg protein Ϫ1 while in NH 4 ϩ -grown cells it was only 44 Ϯ 11 nmol min Ϫ1 mg protein Ϫ1 . The inverted repeat located immediately 5Ј to the regulated start sites resembles an operator site (CGGAAAGAAGCTT CCG [underlining indicates inverted repeat]) in the promoter region of nifH that we have shown to be involved in repression (9) . Therefore, we hypothesized that the repeat in the glnA promoter region would function similarly. To test this hypothesis, we made mutations in the inverted repeats. We made three mutants of M. maripaludis by introducing altered glnA gene regions and allowing the introduced DNA to recombine into the genome (see Materials and Methods). This procedure yielded in each strain two copies of glnA separated by vector sequences. In each strain one copy of glnA was unaltered, and the other copy was shortened by an in-frame internal deletion. The shortened gene would produce an mRNA that would be smaller than the wild-type gene and hence would be distinguishable in Northern blots. In the three mutants the glnA gene bearing the internal deletion was preceded either by an unaltered glnA promoter region (mutant 1), by a promoter region in which the first half of the inverted repeat was altered (GG AAAGCTATTTCC3CCTTAGCTATTTCC [mutant 2]), or by a promoter region in which both halves of the repeat were altered (3CCTTAGCTATAAGG [mutant 3] ). The sequence of each of these promoter regions was confirmed after PCR amplification from the genome.
Cultures were prepared under conditions of nitrogen excess (10 mM NH 4 ϩ ) and nitrogen limitation (N 2 only) and Northern analysis of the glnA transcripts was performed (Fig. 4) . As expected, two bands were observed for each mutant. The top band corresponded to wild-type glnA. The bottom band corresponded to glnA with the in-frame internal deletion, transcribed from the unaltered promoter region (mutant 1) or from the promoter region with mutations in the inverted repeat (mutants 2 and 3). Northerns were performed on wildtype M. maripaludis too, and a single full-length band was observed (not shown). A comparison of the full-length transcript under the two conditions indicated that for each strain, induction occurred under nitrogen limiting conditions (Fig. 4) . Roughly the same level of induction occurred in the wild-type strain (not shown). This observation is consistent with the limited use of the downstream transcription start sites in the presence of NH 4 ϩ . In order to evaluate the effects of the mutations in the inverted repeat, we compared the intensities of the two bands in each lane by taking the ratio of the lower band to the upper band (Fig. 4) . This calculation eliminated the effects of unwanted differences between lanes. Thus, variations in the amount of RNA loaded onto the gel or differences in the exact conditions of cultures at harvest time were controlled for. The results with mutants 2 and 3 were then compared to mutant 1. Strikingly, the mutation in the first half of the inverted repeat (mutant 2) increased transcription under nitrogen excess, confirming the hypothesis that the repeat is involved in repression under noninducing conditions. The mutation affecting both halves of the inverted repeat (mutant 3) also resulted in derepression, but to a lesser extent than in mutant 2. This result can be explained if the mutation in mutant 3 weakened the downstream promoters, which is not unlikely given the close proximity of the second half of the inverted repeat to the transcription start sites. Consistent with this interpretation, transcription of the altered glnA gene in mutant 3 was lower under inducing conditions than in mutant 1, which has an unaltered promoter region. The experiment was repeated with different cultures, and the same results were observed. These results indicate that the inverted repeat is required for repression of glnA transcription. It is unlikely that the results can be explained by the introduction of artifactual promoter activity, since the increased transcription observed did not occur under inducing conditions.
Evidence that glnA is an essential gene in M. maripaludis. In order to test directly whether GlnA is necessary for ammonia assimilation or Gln synthesis in M. maripaludis, we attempted to make a glnA null mutant. We hypothesized that such a mutant would be unable to grow on NH 4 ϩ and would require Gln as a nitrogen source. In the 4.7-kb HindIII fragment, the internal EcoRI fragment of glnA was replaced with a puromycin resistance cassette (Fig. 1) . The resulting construct (glnA::Pur) was introduced into M. maripaludis by transformation. In this procedure double recombination (one recombination event on each side of Pur r ) would yield a glnA null mutant. Ordinarily, we easily obtain double recombinants in M. maripaludis in nonessential genes (5, 9) . Transformants were plated on McC agar medium containing puromycin and Gln (10 mM). Five transformants were examined by Southern blot to determine whether double recombinants were obtained (Fig. 5) . However, in no case had the mutant glnA region replaced the wild-type gene. All five transformants contained both 4.7-and 5.9-kb HindIII fragments that hybridized to the glnA region, indicating that both wild-type and mutant glnA genes were present. All five transformants also contained 0.6-kb as well as 2.0-and 5.7-kb EcoRI fragments ( Fig. 1 and 5) , indicating the presence of the wild-type glnA region (the mutant glnA gene would not be detected in an EcoRI digest because the Pur r cassette was not probed for). Three of these transformants (Fig. 5,  lanes 8, 10, and 11 ) also contained a 7.1-kb EcoRI fragment that indicated the presence of the 3.0-kb vector between two glnA regions. These transformants apparently arose by a single recombination event involving circularized transforming DNA. However, the two remaining transformants (lanes 7 and 9) lacked the 7.1-kb EcoRI fragment, suggesting that double recombination had taken place but that a wild-type copy of the glnA region was retained, perhaps on a separate copy of the chromosome.
A second attempt to generate glnA null mutants was made. In this case, Southern analysis indicated that four of four transformants contained both wild-type and mutant glnA regions without evidence of vector sequences. In addition, 100 transformants were screened by colony hybridization and appeared to retain the 0.6-kb EcoRI fragment internal to glnA. These results suggested that Gln supplied in the culture medium could not substitute for GS, perhaps because of an inability of M. maripaludis to transport Gln. Consistent with this interpretation, Gln did not appear to function as sole nitrogen source for M. maripaludis. Thus, we obtained only poor growth of wild-type M. maripaludis on Gln, and this growth could be attributed to NH 4 ϩ derived from Gln by chemical degradation. If Gln could not be transported by M. maripaludis, it seemed possible that a different, transportable nitrogen source might substitute for Gln. M. maripaludis grows on Ala as well as it does on NH 4 ϩ (18, 33), so Ala can be transported. We hypothesized that Ala might provide the nitrogen needs of the cell by amino transfer to produce Glu. The necessary enzyme, alanine aminotransferase, is present in the related species M. jannaschii as evidenced by genome sequencing (8) , and a low level of alanine aminotransferase activity was detected in Methanococcus aeolicus (35) . In addition, glutaminyl tRNA might be produced from glutamyl tRNA as may be the case in M. jannaschii, which apparently lacks glutaminyl tRNA synthetase (8) . Therefore, we grew four transformants from the first attempt at mutagenesis for three cycles in McC medium in the presence of Ala (10 mM) to see whether glnA null mutants could then be obtained. These mutants might arise in the single recombinants by a second recombination event to eliminate the wild-type gene, or in the transformants that apparently retained a wild-type chromosome copy by elimination of that copy. In either case, such mutants should then require Ala as a nitrogen source and should be unable to use NH 4 ϩ . After the third cycle of growth with Ala, each transformant was plated on McC medium plus Ala to obtain isolated colonies. Fifty colonies from each transformant were then replica plated onto medium without Ala. However, no Ala-dependent derivatives were obtained. Our inability to obtain a glnA null mutant suggests that M. maripaludis cannot transport Gln and that 
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glnA OF METHANOCOCCUS MARIPALUDISglnA in M. maripaludis is an essential gene even in the presence of alternative nitrogen sources.
DISCUSSION
We have cloned the gene for GS from M. maripaludis and have confirmed that it belongs to the GSI-␣ class of GS enzymes along with the protein from other methanogenic Archaea. As in M. voltae (23) , glnA in M. maripaludis appears to constitute a monocistronic operon, as evidenced by the size and 5Ј end of the transcript and the apparent presence of terminator sequences immediately downstream of the stop codon.
Our results suggest that GS is an essential enzyme in M. maripaludis. Since the provision of external Gln was insufficient to render GS dispensable, M. maripaludis may be unable to transport Gln. Gln is turn may be essential either as a nitrogen donor for nitrogen metabolism (via Glu) or for protein synthesis or both. Each of these possibilities suggests a different (but mutually compatible) model: if Gln is an essential nitrogen donor for nitrogen metabolism, the results suggest that only GS can serve to assimilate ammonia, and its function cannot be replaced by a glutamate dehydrogenase or alanine dehydrogenase. Gln also cannot be obtained from glutaminyl tRNA. Even with Ala as a nitrogen source, GS is still essential, suggesting that Ala is converted to ammonia by an alanine dehydrogenase rather than to Glu by an aminotransferase. GS then assimilates the ammonia obtained from Ala. If Gln is essential for protein synthesis, this could suggest that a conventional synthesis of glutaminyl tRNA with glutaminyl tRNA synthetase occurs, and that the system implicated in M. jannaschii (direct conversion of glutamyl tRNA to glutaminyl tRNA) (8) does not function in M. maripaludis. Alternatively, the direct conversion could operate but the amido donor for the reaction could be Gln itself.
M. maripaludis glnA mRNA levels were regulated by nitrogen as in E. coli. GS activity levels showed the same trends (similar to those in M. voltae [23] ), so no evidence of posttranscriptional regulation was obtained. However, it should be noted that the ␥-glutamyltransferase assay for GS activity does not always distinguish between modified (inactive) and unmodified (active) forms of the enzyme (29) .
In E. coli, glnA is transcribed from two promoters. The stronger, downstream promoter is regulated by nitrogen while the weaker, upstream promoter is constitutive (20) . M. maripaludis appears to have a similar arrangement. The overlapping promoters corresponding to the downstream start sites may be considered together, and constitute the stronger, downstream, nitrogen-regulated promoter set (Fig. 2) . A weaker promoter further upstream appears to be constitutive. This arrangement may allow for the dual function of GS, ammonia assimilation for the cell and the synthesis of Gln for protein synthesis.
However, the mechanism of regulation in M. maripaludis contrasts with the mechanism in enteric bacteria. The work presented here indicates that in M. maripaludis nitrogen regulation occurs by repression and depends on an inverted repeat sequence. This mechanism contrasts with nitrogen regulation of glnA in E. coli, which occurs by activation via an upstream enhancer element (20) . This situation parallels the regulation of nif gene expression. We reported that in M. maripaludis nif gene transcription is regulated by repression, also involving an inverted repeat adjacent to the transcription start site (9) . This mechanism contrasts with nif regulation in Klebsiella pneumoniae, which occurs by an activation mechanism (21) . Thus, in each organism the regulation of glnA and nif shows similarities, but contrasts with the other organism. It should be noted however that in B. subtilis, glnA transcription is regulated by repression mediated by two inverted repeat sequences in the promoter region (14) .
The similarity between glnA and nif regulation in M. maripaludis is underscored by the similar nucleotide sequences of the inverted repeats. Thus, the inverted repeat in the nif promoter region, CGGAAAGAAGCTTCCG (9) compares with the one in the glnA promoter region, CGGAAAGCTATTTC CT. Both genes are regulated by nitrogen, and the same repressor protein may bind to both sites. Taking glnA and nif together, the positions of the inverted repeats with respect to the promoters may be instructive. The regulation of glnA mediated by the inverted repeat presumably acts on the downstream promoters, since these are regulated in the wild-type strain while the upstream promoter is constitutive. Therefore, in the regulation of both glnA and nif, where the inverted repeat is effective in repression, it is adjacent to the transcription start site, just upstream from it in the case of glnA and just downstream from it in the case of nif. In cases where the inverted repeat is further downstream from the promoter, more distant from the transcription start site, it does not appear to play a significant role in repression. Thus, the inverted repeat in glnA does not appear to mediate repression of transcription from the upstream promoter, and a second, similar repeat in the nif region downstream from the first also does not appear to mediate significant repression (9) . These observations may indicate that repression operates at some step in transcription initiation and cannot block transcription once it has initiated. These studies are only the beginning in our understanding of nitrogen regulation of transcription in M. maripaludis. It remains to identify the repressor proteins themselves and to elucidate the overall mechanism of nitrogen sensing and regulation. Whatever the overall mechanism, it is notable that similarities are indicated in other species and genera of methanogens. Inverted repeats with sequence similarity to the one described here (consensus GGAAN 6 TTCC) are found in the promoter regions of glnA of other methanococci (M. voltae [23] and M. jannaschii [8] ) and even of Methanobacterium thermoautotrophicum ⌬H (30) . A similar inverted repeat is also found in the nif promoter regions of M. maripaludis (9) and Methanococcus thermolithotrophicus (31) . These observations suggest a common mechanism of nitrogen regulation and may provide a way to identify at least one class of nitrogen-regulated promoters in Archaea.
